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Introduction
As NASA's lead center for aerospace propulsion and power, Glenn Research Center develops critical technologies for all aspects of advanced turbomachinery, including advanced health maintenance for propulsion systems. The Mechanical Components Branch at Glenn performs research for health monitoring and diagnostics of drive systems and aircraft engines.
Rolling element bearings are critical components in rotating machinery. Silicon nitride hybrid bearings, consisting of ceramic balls and metal races, are beginning to replace conventional bearings in special applications. Two reasons for this transition are that silicon nitride balls are about 30 percent harder and 40 percent lighter than steel. In addition, they have high wear resistance and greater corrosion resistance compared to steel balls. It is interesting to note that one of the main reasons for the initial development of silicon nitride some 30 thirty years ago was to replace metal with ceramics for future gas turbine and reciprocating engines. The engineer's "holy grail" of an all ceramic, oil-free engine has not been achieved, but that research has led to a number of other applications in both the industrial and aerospace industries.
In today's turbine engines and helicopter transmissions, the health of the bearings is most often detected by the presence of debris found in the lubrication line when component damage begins to occur. Vibration data is also used to indicate the health of the bearing by monitoring the fundamental defect frequencies of the rolling element bearings such as the fundamental cage frequency, ball pass frequencies of the inner and outer race, and the ball spin frequency [1] . Several types of oil debris sensors exist for detecting metallic bearing debris [2] . Plug-type chip detectors, the most common oil debris sensor, consists of a magnetic plug fitted with electrical contacts in which debris forms an electrical bridge between the contacts, causing the state of an indicator to change. Inductance type, on-line debris sensors measure debris size and count particles based on disturbances of a magnetic field caused by passage of a metallic particle.
Current oil debris sensor technology for aerospace applications relies on the metallic properties of the debris to detect damage. Since ceramic rolling elements debris has different properties, a new sensing system is needed to indicate the system health if ceramic components are to be safely implemented in the aerospace community. The ceramic debris sensor must be capable of indicating component damage with sufficient reliability and forewarning to prevent a catastrophic failure.
Extensive resources have been invested in ceramic material development for use in new aerospace applications such as hybrid bearings. Diagnostic tools are required to decrease maintenance costs and improve safety of this enabling technology. Lack of diagnostics for ceramic/hybrid bearings is a barrier to the widespread deployment of this technology. If reliable sensing diagnostic tools are not developed to indicate ceramic component health, ceramic components will have limited benefit to the aerospace industry.
Development of a reliable, on-line sensing system for detecting damage to aerospace bearings is one goal of the Mechanical Components Branch. Future hybrid bearings will be a combination of ceramic and metallic components. For this reason, the health monitoring system may require the integration of two measurement technologies to indicate damage. Sensor fusion techniques have been developed integrating oil debris and vibration based component damage detection techniques into intelligent health monitoring systems for gears and bearings with improved detection and decision-making capabilities. Applying multi-sensor data fusion techniques to detect hybrid bearing damage is a logical extension of this approach.
Background
In order to identify a diagnostic tool for component damage, the failure mechanism under investigation must be defined. Unfortunately, limited published data exists on the failure progression of state-of-the-art ceramic hybrid bearings. Failure progression published data were reviewed to determine if ceramic and/or metallic debris are generated during hybrid bearing failures (ceramic balls, metal races).
Results of a literature search of hybrid bearings applications will be discussed. Table 1 , taken from reference [3] , compares the properties of silicon nitride and bearing steel. The properties of silicon nitride shown differ from the steel. The advantages cited for using hybrid bearings to improve turbine engine performance include reduced skidding due to changes in rotational speed, reduced friction and heat generation, a larger range of bearing operating temperatures, increased bearing stiffness, improved operating life under poor lubricating conditions, and reduced contact stress in the outer ring due to lower density rolling elements [4] .
Although limited data is available from full scale engine tests with hybrid bearings, wear mechanisms of silicon nitride have been studied in a lab environment. Silicon nitride wear mechanisms in sliding and rolling contact, studied by Chao et al. [5] , identified three basic wear mechanisms. The first, oxidationtribochemical wear, is due to a tribochemical reaction with H 2 O in a humid environment. The coefficient of friction and wear rate was reduced by moisture. Additives in the lubrication may also have different reactions and result in different antiwear functions. The second, plastic deformation, is the wear mechanism due to a change in morphology of the surface due to a change volume. The third, microfracture is due to localized fracture due to fracture of one or more grains.
The literature also identifies common failure modes of the silicon nitride rolling elements. Chao [5] identified spalling, similar to bearing steels, as the most common mode of failure. Galbato [6] observed silicon nitride ball failure due to spalling. Ebert [7] observed similar failure phenomena with steel and ceramic materials. Burrier [8] observed degradation of the bearing in the form of micro-spalling of the steel race surfaces. Yoshida et al. [9] also investigated rolling contact fatigue characteristics of ceramic rollers and observed spalling failures.
Duffy [10] performed nine tests using conventional ball bearing endurance rigs. Bearing failures were detected by accelerometers on the load arm and housing. Of the nine tests performed, 4 failed due to inner race spalls, 3 failed due to outer race spalls, 1 had both inner and outer races spalls, and 1 ball failure. Hybrid bearing spalls occurred on edges of the ball tracks, as compared to steel bearings that occur in the center of the running track.
O'Brien et al. [11] investigated rolling element fatigue life of hybrid bearings consisting of Si 3 N 4 balls, REX20 steel inner races and CRU20 outer races. Bearing dimensions were 72 mm outer diameter, 35 mm inner bore diameter, with a ball width of 11.906 mm. The bearings were thrust loaded at 5400 rpm, and lubricated with MIL-L-7808 oil, 1.88 GPA Hertzian stress. Six groups were tested with 4 bearings in each group. All of the 6 groups of 4 hybrid bearings exceeded 2600 hr of testing. Four groups of hybrid bearings were then tested at 2.29 GPa. Of the 4 test groups, 3 bearings failed at 1548, 3408, and 3441 hr due to ball failures, the fourth bearing failed at 2550 hr due to inner race failure. Ball failures were identified as spalls (5 mm) observed on the balls.
Rhoads and Bashyam [12] compared hybrid bearings to all steel bearings operating under severe shock loading conditions for turbine engine applications. They found failure mode and time to failure similar for both hybrid and AISI M50 steel balls. During one of the induced defect tests, metallic and nonmetallic debris were collected from both the M50Nil steel rings and the silicon nitride balls. Several of the silicon nitride chips were large enough to be caught in a 400 micron screen: 80 by 160 and 150 by 400 microns. They also found a large amount of metallic debris was generated, indicating oil debris analysis based on detection of the metallic properties of the debris generated by the failing component may still be used to detect some failures.
After reviewing several papers on hybrid bearing failure characteristics, it can be concluded that debris produced by fatigue failures of hybrid bearings are similar to conventional bearings. Additional data is required to identify other failure mechanisms. The next step is to determine if diagnostic tools used for conventional bearings can detect damage to hybrid bearings.
Ohtu and Satake [13] compared vibration characteristics of all ceramic with hybrid and conventional steel ball bearings. They tested 3 samples of each type of bearing and used kerosene as the lubricant. Looking at the overall vibration velocity in decibels, they measured the lowest vibration signal on the all ceramic bearing, and the highest on the hybrid bearing. They also found vibration levels increased with speed, but did not change significantly with axial loads for all 3 types of bearings.
Takebayashi [14] compared the rolling fatigue life of steel, hybrid, and all ceramic bearings. Vibration was used as the diagnostic tool to indicate bearing fatigue damage. Similar to other cited references, he found damage to all ceramic and hybrid ceramic bearings due to contact fatigue was identical to that of the rolling contact fatigue. This damage was flaking observed in the bearing steel, and was picked up by vibration. When vibration reached 2X starting level, test equipment was automatically shutdown.
Rhoads and Bashyam [12] reviewed sensor technologies that could detect both magnetic and nonmagnetic debris. They evaluated different measurement technologies for ceramic chip detection using the following criteria: cost; reliability, full-flow and on-line operation; real time data detection; detect debris larger than 200 microns; detect a minimum of 10 chips; commercially available; and ability to detect metallic and nonmetallic debris. Using the results of this analysis, they combined an ultrasonic pulse echo sensor with a full-flow debris retention screen and an infrared photoelectric sensor with a fullflow debris retention screen. They found both sensors can detect magnetic and non magnetic debris, but a similar response of the sensor due to entrained air limits both techniques. They also found a commercially available vibration sensing system can detect outer ring, cage, and rolling element defects on the hybrid bearings.
Another sensor that has recently been developed detects and monitors increased levels of electrostatic charge produced as a result of machinery component deterioration. This oil line sensor is capable of detecting non-metallic particulate and wear debris [15] . However, this sensor is expensive since it is currently in the R&D phase. This analysis is limited to commercially available sensors that are relatively inexpensive (<$1000).
Description of Sensors
The first sensor considered was a commercially available capacitance sensor used to detect the deterioration of lubricants in automobile engines. The sensor measures the change in the dielectric constant of the oil as the oil quality decreases with use. The sensor also incorporates temperature compensation to remove the effect of change in capacitance due to change in temperature. Preliminary results indicated the temperature compensation in the sensor had to be redesigned for this application. Until this is done, the sensor cannot be used for this application, or for testing the oil quality of a system in which the oil temperature varies.
The second sensor tested was a commercially available optical particle counter. This sensor measures the amount of light blocked by the particle, detected by a photodiode and translated into an output signal in which the frequency and amplitude is proportional to particle size and particle concentration. The light source for the sensor is a laser diode [16, 17] . A description of the sensor operation is shown in Figure 1 .
The sensor counts particle concentration in microns/milliliter and sizes the debris that blocks the light in four size ranges: >4, >6, >14, and >21µm/mL. Note that that the sizes are "greater than." The >4µm/mL size range will always measure the maximum number of particles because it includes the counts measured in the 3 larger sizes. The >6µm/mL size range counts includes the counts measured in the >14 and >21µm/mL size ranges. The maximum particle size the sensor can measure is 1 mm due to the size of the flow cell. The maximum particle concentration the sensor can measure is 2.5 million counts/mL, in the >4µm/mL size range. However, the sensor can produce false counts due to water droplets and entrained air bubbles if they block the light [18] . The particle counter accuracy is limited by false counts due to water droplets and air bubbles, extremely dark fluids, or high particulate contamination levels that cause several particles to be in the light path at the same time [19] .
Particle counters measure the number of particle counts per volume of the oil sample in a specified time period. The particle concentration for a volume sampled by the sensor is affected by flow. Particle counters require some form of flow control device. Since temperature affects oil viscosity, changing flow rates and temperatures should also be monitored.
The sensor investigated for this analysis can be used for in-line flow applications. The sensor has an internal check valve to divert flow from a varying pressure/flow system. A cross section of the particle counter showing the flow diverted is shown in Figure 2 . The sensor has a flow control device that creates a constant pressure drop and diverts a portion of the flow through the sensor and is compensated for in the particle concentration measurement. Although this sensor is in the main supply line, only a small portion of the total oil flow volume is measured by the sensor. The sensor measures a flow index, a nondimensional number used to verify fluid is passing through the sensor, with no blockage due to large particles. This flow index is not proportional to system flow, and variations in flow index are compensated for in the counts/mL measurement. The sensor will indicate an error if the flow index is not within 40 to 350. Additional details of the flow index are proprietary to the manufacturer [20] . The sensor viscosity specifications are 2 cSt and greater.
In addition to the flow index, the sensor also measures and checks that the following parameters are within the required range: sensor received power 4.70 to 4.90 VDC; laser drive current 30 to 62 mA; sensor system temperature -20 to 80 °C. If these parameters are not within range, an error occurs and is indicated by the sensor.
Test Procedure
Tests were performed to evaluate an inexpensive (<$1000), commercially available sensor in the Oil Debris Sensor Flow Test Rig. A photo of the rig is shown in Figure 3 . The rig is a closed loop, consisting of a reservoir and variable speed peristaltic pump. A peristaltic pump was used to limit contamination of the pump with the debris, since the pumped liquid is completely isolated from all moving parts of the pump. A flexible tube is pressed by a set of rollers and an even flow is produced by this squeezing action. A filter installed in the line was bypassed during all the tests.
Flow was approximately 1.9 liters/min during all tests. The volume of oil in the test rig reservoir and piping for this test was 3.75 liters. The oil used was a turbine engine oil equivalent to Mobil Jet Oil II.
For this experiment, five silicon nitride particle samples were prepared. The samples were separated into 2 size ranges using U.S.A. Standard Test Sieves and weighed. Table 2 describes the samples. Sample one consisted of samples that passed through the <20 micron sieve. The other 4 samples passed through the 53 microns sieve, but were too large to pass through the >20 sieve. Note that samples could contain large size particles if debris particle length was larger than width. Sensor data was recorded every 90 sec which is user selected based on a 60 sec sample volume period and a 30 sec hold time. Note that a new reading was taken every 90 sec, recorded sensor counts/mL do not accumulate. Also note that the sample period can affect the sensitivity of the sensor to measure low concentrations of particles. If particle concentration of <10counts/mL is expected, increase the sample period to 2 min. Since the filter was not in the line during these tests, and the flow rate was low, the particle concentration should not vary significantly during tests. The sample was mixed with oil and injected in approximately 10 sec. The injector is labeled in Figure 3 . The particle then passes through the pump before reaching the sensor. Based on the flow and oil volume, it would take approximately 2 min for the entire oil volume to be recirculated through the sensor. However, only a portion of the oil is bypassed through the sensor, and oil flow does not equal particle flow. During all the injection experiments, the test rig ran for several hours before a sample was injected, then several hours after injection. The oil was not changed for each experiment. All 5 experiments were run with the same oil in the system over a 3 week period. Figure 4 shows the particles measured by the particle counter in the 4 particle concentration size ranges plotted on a logarithmic scale. The flow ran for several hours prior to injecting silicon nitride debris. The 2 dashed lines indicate when sample 1 and sample 2 silicon nitride particles were injected. Sample 1 was injected first. When the particles are initially injected, a spike occurs in the measured counts/mL in all the size ranges, and in the flow index then stabilizes. Slight increases were also observed in the >4 microns size range that correlated with slight increases in the flow index, indicating possibly a particle cluster increasing counts before releasing. From the data, the average particle counts in each size range measured by the sensor increased when the particles were injected. At sizes below 6 microns, significantly more particles were observed during injection of the first sample which contained on average debris of smaller size relative to sample 2. During injection of sample 2, the change in particle concentration measured in the 6, 15, and 21 size ranges was larger than when the first sample was injected. This was qualitatively correct. The fluid temperature, and therefore sensor temperature during this experiment increased from 22 to 28 °C. The flow index varied from 100 to 149. An estimate of the counts due to injection can be made by multiplying the counts/ml change by the system volume. An estimate of the mass of the particle concentration requires the density of the material, and volume of the particles. Although, one can assume the particle is shaped like a sphere, an estimate of the diameter of the particle could vary significantly because the sensor measures particles greater than a specific range, not within a range. For this reason, mass was not estimated.
Results and Discussion
The flow rig was run another 7 hr, and then the third sample was injected. Data from this experiment is shown in Figure 5 . The dashed line indicates when the sample was injected. Note the initial count reading decreased after running for several hours after experiment 1, even though no filter was in the line. This drop in counts/mL was also observed between the next two experiments. Particles must be getting trapped in the reservoir and tubing prior to measurement by the sensor. However, the particle concentration never dropped to the baseline values shown in Figure 4 prior to sample 1 debris injection for the 4 and 6 micron size ranges. Flow index fluctuations did not occur during this test, although the flow steadily decreased during testing. The sensor temperature during this experiment increased from 32 to 36 °C and flow index varied from 121 to 158 during testing. Samples 4 and 5 were injected and are plotted in Figures 6 and 7 . The dashed line indicates when the sample was injected on both figures. The sensor temperatures increased from 30 to 36 °C over the duration of the experiment for sample 4 injection, and increased from 30 to 37 °C during sample 5 injection. Flow index varied from 117 to 151 during sample 4 injection, and varied from 117 to 150 during sample 5 injection.
Several observations were made from the data collected during these 4 experiments. The >4µm concentration size indicates the largest particle concentration increase during the every sample injection. This makes sense since all the particles injected were >4µm. All size ranges showed an initial increase when the samples were injected, but the >14 and >21µm slowly decrease to pre-injection counts/mL, where the >4 and > 6µm maintain the increase after hours of operation. Between each injection experiment, the rig was shutdown, then run for several hours. The initial count reading decreased from the last reading during the previous experiment, indicating the particles were possibly trapped in the line, or settled to the bottom of the reservoir. This may also be due to the low oil flow and the small amount of oil that is diverted through the sensor. For aircraft applications, it is likely that for the larger debris sizes, the debris would pass-by the sensor only one time, and then be trapped in the filter. Additional tests are required on other rigs to further investigate schemes for establishing thresholds to indicate normal operation versus operation with a degrading ceramic component. One interesting thing to note is that the particles measured in this rig represent the particles measured in an aero application. A study conducted by Bensch [21] sampled 44 different machines for particle contamination. Particle counts from aircraft were extrapolated for 5µm size, and found 2500 particles at >5µm and 320 particles at >15µm for typical contamination levels of aircraft. The numbers of particles detected during these tests are within this range indicating this type of data would be observed in an aircraft system.
Conclusion
Oil debris sensors were investigated to determine their use in detection of hybrid bearing fatigue damage. Prior to experimentally testing sensors for this application, the failure mechanism for hybrid bearings was researched via a literature search. Next, a simple oil flow rig was designed for performance testing oil debris sensors. The sensors were selected based on commercial availability and low cost. The capacitance type sensor would not perform in the rig due to temperature compensation problems, and was not further tested. Samples of silicon nitride particles were injected into the oil line to determine if an optical sensor can respond to this type of oil debris. The sensor responded qualitatively when silicon nitride debris was injected. During injection of the first sample (<20 microns), significantly more particles were observed in sizes below 6 microns. During injection of the second sample (>20 <53 microns) sample which contained on average debris of larger size relative to sample 1 the change in particle concentration measured in the 6, 15, and 21 microns size ranges was larger than when the first sample was injected. The sensor indicated an increase in particle concentration during injection of all 5 samples. Damage limits could be set based on a change from the normal baseline. Further testing is required to verify the affect of filtration on flow and sample rates. This publication is available from the NASA Center for AeroSpace Information, 301-621-0390.
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